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Mononuclear leukocytes were separated from whole 
blood by ficoll-hypaque flotation and by elutriation 
(counterflow centrifugation). Lymphocytes isolated from 
6 control subjects by elutriation showed a 30% greater 
response to stimulation with phytohemagglutinin and 
130% greater response to streptokinase-streptodornase 
stimulation than did autologous lymphocytes obtained 
by ficoll-hypaque separation. Cell yields of major mono-
nuclear cell sUbpopulations and cell viability were com-
parable after separation of leukocytes by both tech-
niques. These results indicate that ficoll-hypaque flota-
tion may diminish lymphocyte responses, and that elu-
triation offers a useful alternative to ficoll-hypaque sep-
aration. In addition, elutriation may be the preferable 
lDethod for evaluation oflymphocytes from patients with 
suspected immunologic dysfunction and may be valuable 
in the isolation of mononuclear cells from infiltrated skin 
lesions. 
Numerous methods have been developed for the isolation of 
leukocyte populations from whole blood [1-4] and from skin 
[5-7]. Each of these standard approaches exploit distinctive 
features of selected classes of leukocytes; however, each also 
potentially affects the properties of cells to be stucUed. Specifi-
cally, the most commonly used method for the preparation of 
mononuclear cell-enriched populations, flotation on ficoll-hy-
paque, has been shown to alter B (bone marrow-derived) lym-
phocyte function [8]. Reported methods of leukocyte extraction 
from infiltrated skin may preselect incUvidual subpopulations 
for study (5-7]. Development of a method of lymphocyte iso-
lation which does not alter cellular function would be highly 
desirable. 
In the present study, lymphocytes and monocytes were sep-
arated from neutrophils by the gentle process of elutriation [9-
14]. In this process, particles flow through a centrifuge rotor in 
a direction opposite to the centrifugal force. By varying either 
the centrifugal force or the rate of centripetal flow, one can 
separate particles with different sedimentation rates [15]. In 
this study, we have demonstrated that lymphocytes separated 
by this method are functionally superior to those separated by 
ficoll-hypaque flotation and that this method is an efficient 
means by which to obtain preparation of monocytes and gran-
ulocytes free of lymphocytes [13]. 
MATERIALS AND METHODS 
Blood Specimens 
Normal volunteers were used as blood donors. Between 30 and 100 
ml of blood (50 units per cc of heparin) was drawn from each individual 
for simultaneous separation by elutriation and ficoll-hypaque flotation. 
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Ficoll·Hypaque Separation 
A standard ficoll-hypaque separation was performed by modifica-
tions of the method fIrSt described by B0yum [2]. A 7-ml volume of 
heparinized (20 units/cc) blood was gently layered on the top of 4 mJ 
of a ficoU-hypaque gradient (Gallard-Schlessinger). Tubes were centri-
fuged (1,350 rpm) at 23°C for 45 min. The plasma layer was removed 
with Pasteur pipettes, and the interface containing the mononuclear 
cell-enriched fraction collected. Leukocytes were washed twice in 
Hanks Buffered Salt Solution (HBSS, Gibco) and counted in a Coulter 
Counter (Model Zf, Curtin-Matheson). Leukocytes were adjusted to a 
concentration of 2 x 106 ceLls/mJ in RPMl 1640 medium (Gibco). In 
experiments where yields of polymorphonuclear leukocytes were deter-
mined, the sediment from the ficoll-hypaque separation was collected. 
This sediment was wahsed twice in HB S and resuspended in NH.CI 
at 4°C for 10 min (0.155 molar NH.CI - 0.01 M KHCOJ, 10% autologous 
plasma) to lyse red blood cells [16]. The remaining cells were washed 
twice in HSSS and resuspended for counting. Glass slides with smears 
of all fractions were stained for differential counting. 
Elulriation 
Forty milliliters of heparinized blood was centrifuged (2,000 rpm, 10 
min) and the plasma removed. The red blood cells were lysed with 
NH.,CI as described above and the lysate washed twice in HB S. The 
leukocytes in the suspension were counted and then aspirated in a 10 
cc syringe for injection into the sample chamber of the elutriator. 
The elutriator system (Fig 1) consists of a pump (Masterflex-Cole 
Palmer) with a variable flow rate and an elutriator centrifuge rotor 
(Beckman, JE-6) through which liquid is forced. The system is equipped 
with a viewing port and strobe assembly so that sample separations 
may be visually monitored. By varying the flow rate and centrifuge 
speed, particles can be separated on the basis of sedimentation rate. 
Before use, the elutriator was flushed with siliclad (Thomas) to prevent 
adherence and loss of white blood cells. The rotor and liquid flow lines 
were sterilized by autoclaving (15 lb psi/15 min) . After assembly, the 
elutriator was resterilized by flushing with phosphate buffered saline 
cont.aining 0.01% sodium azide. The system was washed with 500 mJ of 
HBSS to remove residual azide solution. Elutriation was performed 
using HBSS at a flow rate of 15 mJ/sec and a centrifuge speed of 2,000 
rpm. The sample was initially suspended in the separation chamber at 
a flow rate of 8 ml/sec and a centrifuge speed of 3,000 rpm. 
Under these conditions, particles of 5 IJ. in diameter or smaller (red 
blood cell debris) were washed out of the rotor and larger particles 
sedimented inside. Once the sample was sedimented in the separation 
chamber the centrifuge speed was adjusted to 2,000 rpm and the flow 
rate to 15 ml/min. At this speed and flow rate, particles 8-10 IJ. in 
diameter were flushed out of the rotor and larger particles concentrated 
in the separation chamber. Three hundred milliliters of eluant was 
collected and centrifuged (2,000 rpm, 10 min) . The entire procedure 
was accomplished in 2 hr. 
The leukocytes were counted and adjusted to a concentration of 2 
X 10" ceLls/cc. The peUet remaining in the separation chamber was 
aspirated and resuspended for counting. Slides were made of both 
fractions for differential staining. 
Non pecific Esterase Stain 
A nonspecific esterase stain with a Feulgen counterstain was used to 
differentiate monocytes, lymphocytes and polymorphonuclear leuko-
cytes. The stain used napthol AS-D acetate as a substrate and Fast-
Blue BS as a diazonium salt [17]. Although monocytes, lymphocytes 
and polymorphonuclear leukocytes all stain, the pattern of localization 
and degree of staining are different. Lymphocytes are stained variably: 
either localizing a dark blue stain in cytoplasm or else remaining 
unstained. The cytoplasm of monocytes becomes yellow brown and 
frequently contains dark blue granules. Polymorphonuclear leukocytes 
stain less heavily having few blue granules. 
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FIG 1. Schematic of the elutriator flow system. Suspended cells are 
injected into the buffer flow line and pumped into the centrifuge rotor. 
By varying the buffer flow rate and centrifuge speed, lymphocytes and 
small monocytes may be eluted from the system and polymorphonu-
clear neutrophils (PMN) and large monocytes retained in the separa-
tion chamber (inset). 
Cell Viability 
Lymphocyte viability was assessed by Trypan blue (0.2% Trypan 
Blue/ 0.85% NACl) staining. Nonviable cells are stained dark blue, 
viable cells exclude the dye, remaining unstained. 
Lymphocyte Stimulation 
An 80 ml sample of peripheral blood fTom each subject was divided 
into 2 aliquots. Forty ml of this blood was separated by ficoll-hypaque 
flotation and the remaining 40 m1 was simultaneously processed by 
elutriation. 
Leukocytes from the elutriator and from a ficoll-hypaque gradient 
were evaluated in terms of responses to the plant mitogen phytohe-
magglutinin (PHA, Sigma) and the antigen streptokinase-streptodor-
nase (SK-SO, Lederle) . Leukocytes from known reactors were sus-
pended in RPMI 1640 and added to 5 replicate wells of a microtiter 
plate (Flow Labs) at a concentration of 2 x 10· cells per well. Phyto-
hemagglutinin (5 p.g/ml) and streptokinase-streptodornase (100 units/ 
cc) were diluted with 30% autologous plasma in RPMl 1640 and added 
to the appropriate wells. The doses of phytohemagglutinin and strep-
tokinase-streptodornase were predetermined to induce optimal stimu-
lalion in lymphocytes separated by ficolJ-hypaque flotation. The opti-
mal response of ficoll-hypaque separated lymphocytes was compared 
to the response of lymphocytes separated by elutriation. Cultures 
stimulated with phytohemagglutinin were pulsed with tritiated thymi-
dine (1 p.ci/20>') and harvested (Mash II harvester Microbiological 
Assoc.) after 3 days incubation at 37°C in a 5% CO2 atmosphere. 
Similarly, cultures incubated with streptokinase-streptodornase were 
harvested after 6 days incubation. 
Monocyte Reconstitution 
Since cells 10 p. in diameter or smaller are eluted at a centrifuge 
speed of 2,000 rpm and a flow rate of 15 ml/min, we considered the 
possibility that the leukocyte populations isolated might be depleted of 
monocytes. Monocyte-lymphocyte interactions have been demon-
strated to be necessary for response to antigens [18,19], and may play 
a role in the response of lymphocytes to mitogen [20]. To determine if 
additional monocytes were necessary for optimal responses, lympho-
cytes separated by elutriation were cultured with and without syngeneic 
monocytes. To obtain monocytes relatively free of lymphocytes, blood 
was drawn from the same donor one week prior to the experiment and 
separated on ficoU-hypaque. The mononuclear ceUs were cultured at a 
concentration of 2 x lOG cells/well in flat-bottom micro titer wells for 1 
week. The nonadherent lymphocytes were removed from the wells by 
aspirating the contents with a Pasteur pipette, foUowed by 3 gentle 
washes with HBSS. Direct observation with a phase contrast inverted 
microscope (Leitz) and nonspecific esterase staining showed that mon-
ocytes remained adherent to the plastic plates uncontaminated by 
lymphocytes. Since nonspecific esterase stains polymorphonuclear neu-
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trophils as well as monocytes, possible adherence of polymorphonuclear 
neutrophils to the plastic wells was investigated. Polymorphonuclear 
neutrophils cultured for 3 days in microtiter plates did not remain 
adherent to the bottom of the wells and were easily removed by 
washing. Syngeneic lymphocytes from the elutriator were then added 
to these wells containing adherent monocytes and tested for tritiated 
thymidine incorporation after phytohemagglutinin and streptokinase-
streptodornase stimulation. 
Cell Surface Markers 
The percentages of T (thymus-derived) or B (bone marrow-derived) 
lymphocytes were quantitated by rosetting methods. The T lympho-
cytes were identified by rosette formation with neuraminidase treated 
sheep red blood cells (21). B lymphocytes were identified by their 
surface receptors for the split product of the third component of 
complement (22). The IgM fraction of rabbit antibody to sheep red 
blood cell stroma and mouse complement (lgMEAC) were used to coat 
sheep red blood ceUs. The coated red blood cells were incubated with 
the lymphocyte fractions from either the elutriator or ficoll-hypaque 
separation techniques, and the number of rosetted cells were counted. 
Statistical Methods 
The standard Student's t-test was used to evaluate the data for 
statistical significance. 
Calculations 
The percent of the autologous ficoll-hypaque response presented in 
Fig 4 was calculated by the formula: % of autologous ficoll-hypaque 
response = (CPM of elutriated cells) + (Mean CPM of autologous 
ficoll-hypaque cells) x 100. The response of stimulated lymphocytes is 
always calculated after subtraction of background counts of unstimu-
lated autologous lymphocytes. 
RESULTS 
Lymphocytes isolated from 6 normal volunteers by ficoll-
hypaque flotation and elutriation were studied. All results are 
expressed as net increases of tritiated-thymidine incorporation 
(CPM). Figure 2 contains the results of lymphocyte responses 
to stimulation with phytohemagglutinin. The lymphocyte frac-
tion isolated by elutriation responsed as well as, or better than, 
lymphocytes from ficoll-hypaque flotation in 5 of the 6 subjects_ 
As a group, phytohemagglutinin responses were significantly 
greater (P ~ 0.001) in lymphocytes isolated by elutriation when 
compared to lymphocytes from ficoU-hypaque separation. Ad-
dition of monocytes to elutriator lymphocyte populations did 
not significantly (P ~ 0.25) alter their responses to phytohe-
magglutinin. Monocytes cultured alone in the presence of phy-
tohemagglutinin gave minimal responses (CPM ~ 500) indicat-
ing very minor lymphocyte contamination. Direct observation 
and nonspecific esterase staining confirmed the purity of the 
monocyte cultures (Fig 3a and b). 
Figure 2 contains the results of antigenic stimulation of 
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FIG 2. Lymphocyte response to phytohemagglutinin (PHA) and 
streptokinase-streptodornase (SK-SD) foUowing isolation by elutriatioD 
or by ficoll-hypaque flotation. Lymphocytes isolated by elutriation 
show a significantly greater response to stimulation with PHA and SK-
SO than do autologous lymphocytes isolated by ficolJ-hypaque flota-
tion. The mean and standard deviation are represented by horizontal 
lines. The circles represent 5 replicate determinations performed on 6 
subjects. 
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lymphocytes isolated by the 2 methods. Lymphocytes isolated 
by elutriation responded to streptokinase-streptodornase at 
least as well as did lymphocytes from ficoll-hypaque flotation 
in 3 of the 6 subjects. The 3 elutriator lymphocyte populations 
that gave decreased responses to streptokinase-streptodornase 
(60% of ficoll-hypaque response) were reconstituted or elevated 
(89-316% of ficoll-hypaque response) above values obtained in 
ficoll-hypaque separations by the addition of syngeneic mono-
cytes. 
Monocytes alone showed virtually no response (CPM ~ 320) 
to streptokinase-streptodornase stimulation. As a group, the 
lymphocytes isolated by elutriation responded significantly bet-
ter (without the addition of monocytes (P :s 0.001) than did 
lymphocytes from ficoll-hypaque. 
Figure 4 presents the results of the phytohemagglutinin and 
streptokinase and streptodornase response of elutriator lym-
phocytes expressed as percentages of the autologous ficoll-hy-
paque response. 
Comparison of cell yields from elutriation and ficoll-hypaque 
flotation showed similar percent recoveries in both methods. 
Differential staining and total white blood cell counts showed 
comparable cell yields in both techniques. The results of differ-
ential stains using nonspecific esterase to aid in the detection of 
monocytes are presented in Fig 5. 
Lymphocyte membrane markers were determined by sheep 
red blood cells rosetting of mononuclear cells isolated by both 
techniques. No substantial difference was found in the percent-
ages of E rosettes, (elutriation X = 71.00, ficoll-hypaque X = 
76.5) or EAC (elutriation X = 9.33, ficoll-hypaque X = 10.33) 
rosettes formed by lymphocytes after isolation by the 2 tech-
niques. 
Lymphocytes collected in effluent from the elutriator were at 
FIG 3. A, Phase contrast photomicrograph of monocytes (1) and 
lymphocytes (2) in the bottom of microtiter plate wells (bar represents 
40 p.) . B, Photomicrograph showing nonspecific esterase staining of 
monocytes which remain adherent to plastic wells after washing (bar 
represents 40 p.). 
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FIG 4. Lymphocytes responses to phytohemagglutinin and strepto-
kinase-streptodornase. Results are expressed as percent.ages of the 
autologous ficoll-hypaque response. The 100% line indicates equivalent 
responses after separation by both methods. Points below the line 
represent a lower response in elutriator lymphocytes than in autologous 
lymphocytes from ficoll-hypaque separations. 
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FIG 5. Differential staining results. The elutriator (Elul.) fraction 
represents the eluant from the flow system. The elutriator pellet 
represents the cells remaining in the separation chamber. The pellet in 
the ficol1 -hypaque (F.H.) separation was obtained by removal of the 
ficoll-hypaque and subsequent NH,CI lysis of the red blood cell sedi-
ment. 
least as viable (X viability = 97% viable cells) as were lympho-
cytes from ficoll-hypaque gradients (X viability = 92.71%). 
Ammonium chloride lysis of whole blood did not significantly 
affect the percentage of wt,ite blood cell types present. Cells 
treated with ammonium chloride responded to streptokinase-
streptodornase stimulation with a mean tritiated thymidine 
incorporation of 6,680 CPM. Untreated autologous cells had a 
mean tritiated thymidine incorporation of 6,059 CPM, after 
ficoll-hypaque flotation, which was not statistically different 
from that of cells treated with NH.Cl. 
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The elutriated fraction consisted mainly oflymphocytes, with 
a mean of 5.5% monocytes and a mean of 18% polymorphonu-
clear leukocytes. Ficoll-hypaque separations contained predom-
inantly lymphocytes with a mean of 7.5% monocytes and a 
mean of 5% polymorphonuclear leukocytes. The fraction of 
leukocytes pelleted in the elutriator rotor consisted of a mean 
of 4% lymphocytes, a mean of 16.2% monocytes, and a mean of 
81 % polymorphonuclear leukocytes. The pelleted monocytes 
and polymorphonuclear leukocytes did not significantly synthe-
size DNA (CPM ~ 109) in response to phytohemagglutinin or 
strept.okinase-streptodornase stimulation. 
Agglutinated red blood cells from the pellet of ficoll-hypaque 
separations were lysed and the leukocyte yield obtained was 
compared with the percent of monocytes and polymorphonu-
clear leukocytes found in the sedimented fraction in the elutria-
tor rotor (Table). 
DISCUSSION 
In the present st.udy, lymphocytes separated by elutriation 
were shown to be significantly more responsive in mitogen and 
antigen assays when compared with autologous cells isolated in 
parallel by ficoll-hypaque flotation. Elutriation provides lym-
phocyte populations that are comparable in yield, viability and 
percentage of T and B marker-bearing lymphocytes to mono-
nuclear populations obtained from ficoll-hypaque flotation. 
No satisfactory method has been previously available for 
evaluation of the effects of ficoll-hypaque separations on lym-
phocytes, although one deleterious effect of ficoll-hypaque sep-
aration has been previously reported. Shortman [3] noted in-
creased osmolarity in ficoll-hypaque solutions and propensity 
to cause increased leukocyte aggregation . Wahl, Rosenstreich, 
and Oppenheim [8] have reported that B cells spontaneously 
release significant levels of mononuclear leukocyte chemotactic 
factor aft.er ficoll-hypaque flotation, suggesting that ficoll-hy-
paque flotation directly affects lymphocytes. The present study 
is the first report. suggesting decreased proliferative response to 
mitogenic or antigenic stimuli after ficoll-hypaque separation. 
Elutriation offers a method for cell separation that permits 
cells to be continuously maintained in isotonic media and has 
the additional advantage that lymphocytes are eluted out of 
the rotor and not subjected to the stress of prolonged centrifu-
gation. Elutriation also provides monocyte and polymorpho-
nuclear leukocyte fractions at the same time that responsive 
lymphocyte populations are isolated. This affords the oppor-
tunity to evaluat.e t.he total mononuclear cell from one periph-
eral blood sample population without further extensive (and 
possibly deleterious) fractionation techniques [13]. 
The eluted lymphocyte populations retain sufficient mono-
cytes (5.5%) for antigenic processing. Even without added mon-
ocytes, elutriated lymphocytes showed heightened responses to 
streptokinase-streptodornase stimulation in comparison with 
ficoll-hypaque cells. 
Since lymphocytes isolated by elutriation are significantly 
more responsive than are autologous cells isolated by ficoll-
hypaque flotation, ficoll-hypaque has either diminished lym-
phocyte responsiveness or elutriation has enhanced it. In an 
additional experiment (unpublished results), passage of mono-
nuclear leukocyt.e fractions isolated by ficoll-hypaque flotation 
through the elutriator flow system did not enhance the response 
of these cells to mitogen or antigen stimulation. Since ammo-
nium chloride lysis does not effect mononuclear leukocyte 
Percent monocytes and polymorphonuclear leukocyle.~ in pellets fol · 
lowing elutriator and (icoll·hypaQue separation.~ 
Elutrinlor Fi-co-:':\I""'.h-y-p-aq-u-,,-
------------- ------
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Polymorphonuclear 
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n Mean of 6 determinations. 
16.16" 
81.00 
7.08 
83.66 
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responses and passage through the elutriator does not seem to 
enhance response, it seems most Likely that ficoll-hypaque 
flotat.ion substantially diminished lymphocyte proliferative re-
sponses. This possibility must be considered when evaluating 
the responses of lymphocytes obtained from patients suspected 
of having depressed cellular immune function. 
Elutriation not only offers an alternat.ive to ficoll-hypaque 
separation, but may be particularly advantageous in evalua-
tion of immunologically impaired patients. Other possible ap-
plications for elutriation may include separation of large molec-
ular weight debris from mononuclear cells in minced tissue 
specimens and separation of sheep-red blood cell rosetted lym-
phocyte populations from nonrosetting cells and tumor cells. 
The suggestion, by these studies, that ficoll-hypaque separation 
may impair lymphocyte response to standard stimulants should 
caution investigators who generally use that method of mono-
nuclear cell isolation. 
Of potentially greatest significance, elutriation may be valu-
able in the developing technology of studying the leukocytes 
inflltrating skin lesions. Investigation of this possibility is cur-
rently in progress in our laboratory. 
The assistance of Dr. M. Silva-Hutner in the initiation of these 
studies is gratefully acknowledged. The authors are grateful to Ms. 
Barbara Peabody for her assistance in the preparation of this manu-
script. 
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